Hexachlorobenzene was dechlorinated to tri-and dichlorobenzenes in anaerobic sewage sludge. The complete biotransformation of 190 ,uM hexachlorobenzene (-50 ppm) occurred within 3 weeks. The calculated rate of hexachlorobenzene dechlorination was 13.6 ,umol liter-' day-l. Hexachlorobenzene was dechlorinated via two routes, both involving the sequential removal of chlorine from the aromatic ring. The major route was hexachlorobenzene -* pentachlorobenzene -* 1,2,3,5-tetrachlorobenzene -* 1,3,5-trichlorobenzene. Greater than 90% of the added hexachlorobenzene was recovered as 1,3,5-trichlorobenzene, and there was no evidence for further dechlorination of 1,3,5-trichlorobenzene. The minor route was hexachlorobenzene --pentachlorobenzene -* 1,2,4,5-tetrachlorobenzene --1,2,4-trichlorobenzene -* dichlorobenzenes. These results extend reductive dechlorination to poorly water soluble aromatic hydrocarbons which could potentially include other important environmental pollutants like polychlorinated biphenyls.
The widespread use of chlorinated benzenes as solvents, fungicides, insect repellents, and major intermediates in the manufacture of various chemicals has resulted in environmental contamination and concern over the possible harmful effects on humans and the environment. Hexachlorobenzene (HCB) and lower chlorinated benzenes have been detected in sewage, ground water, sediments, numerous hazardous waste disposal sites, and some biological tissues (2, 6, 7, 12, 19) . HCB is a fungicide and has been used as a seed coating for cereal crops. A massive outbreak of human porphyria occurred in Turkey as a result of the consumption of wheat precoated with HCB (14) .
Chlorinated benzenes are generally believed to be recalcitrant to microbial attack, particularly in the absence of oxygen (4, 9) . Using biofilms grown under aerobic and methanogenic conditions with acetate as the primary substrate, Bouwer and McCarty (4) have shown that several chlorinated benzenes could be utilized as a secondary substrate by aerobic bacteria but not by methanogenic populations. Similarly Kuhn et al., using a laboratory aquifer column and field studies, showed no dechlorination of pdichlorobenzene (p-DCB) under anaerobic conditions; however, the same chemical was used as the sole carbon and energy source under aerobic conditions (9) . Several strains of aerobic bacteria have been isolated which use some of the chlorinated benzenes as their carbon and energy source (8, 13, 15, 16) .
The potential for reductive dechlorination and degradation of chlorinated benzenes and related pollutants exists and is of great value for detoxifying these widespread contaminations. Reductive dechlorination of chlorinated compounds results in the replacement of chlorine with hydrogen. There is indirect evidence that HCB, hexabromobenzene, trichlorobenzene (TCB), and a variety of polychlorinated biphenyls (PCBs) are subject to reductive dechlorination in certain anaerobic habitats (2, 6, 7, 11, 18, 19) . This process is important because the dechlorinated products are generally less toxic, less likely to bioaccumulate, and more susceptible to further microbial attack. Analysis of HCB congener profiles in sediment cores from the Great Lakes revealed that in the older layers the ratio of DCB and TCB to HCB and pentachlorobenzene increased dramatically (2, 11) . These data suggested a slow dehalogenation of HCB in the anaerobic sediment. Debrominated products of hexabromobenzene in river sediments from Japan have also been reported (19) . Studies of PCB congener profiles in the upper Hudson River have suggested that PCBs were being reductively dechlorinated (6, 7) .
We have previously demonstrated reductive dechlorination in anaerobic communities from sludges and sediments for halogenated benzoates, chlorinated phenols, 2,4,5-trichlorophenoxy acetic acid (2,4,5-T), and pentachlorophenol (10, 17) . In (Fig. 1) . The calculated maximum dechlorination rate after the lag time was about 13.6 p.mol liter-' day-1. Several dechlorinated intermediates were detected; these were pentachlorobenzene, 1,2,3,5-TTCB, 1,2,4,5-TTCB, 1,3,5-TCB, and 1,2,4-TCB. The sequence of appearance and disappearance of the dechlorinated products is shown in Fig. 1. 1,3 ,5-TCB was the major dechlorinated end product. After 3 weeks of incubation more than 90% of the added HCB was dechlorinated to 1,3,5-TCB, which then persisted unchanged for the remainder of the 14-week incubation. In addition, small quantities of another TCB, 1,2,4-TCB, appeared, but it was further dechlorinated to DCBs.
Additional studies with 1,2,3,5-TTCB added to fresh sludge showed a stoichiometric conversion to 1,3,5-TCB (Fig.. 2) . With this substrate, dechlorination proceeded without a lag, and more than 85% of the initial (275 p.mol) (Fig. 2) . Also, autoclaved sludges amended with HCB, 1,2,3,5-TTCB, or 1,3,5-TCB showed no transformation, suggesting that no abiotic dechlorination had occurred. Figure 3 shows the gas chromatogram of dechlorinated intermediates of HCB. At the end of 2 weeks, 1,3,5-TCB, 1,2,3,5-TTCB, and pentachlorobenzene were clearly identifiable from the gas chromatography trace. As the time of incubation progressed, the level of pentachlorobenzene and 1,2,3,5-TTCB decreased, and increasing amounts of 1,3,5- TCB accumulated. At the end of 3 weeks, 1,2,4,5-TTCB and 1,2,4-TCB were also detected. However, the isomers 1,2,3,5-TTCB and 1,2,4,5-TTCB coeluted. Both intermediates are assumed to be present, since they are the only precursors that could account for the two trichlorobenzene products, 1,3,5-TCB and 1,2,4-TCB. 1,2,4-TCB was ultimately transformed to 1,2-, 1,3-, and 1,4-DCBs (Fig. 3D and  E) . The isomers, 1,3-and 1,4-DCBs eluted together as one peak (Fig. 3E, at a retention time of 3.4 min) , but programming at lower temperatures separated the two components and revealed that 1,4-DCB was only a minor component.
Based on time and order of appearance and disappearance of dechlorinated products, a pathway for HCB transformation under anaerobic conditions has been proposed (Fig. 4) . According to our observations we propose two lines of HCB dechlorination. The major pathway being the formation of 1,3,5-TCB via pentachlorobenzene and 1,2,3,5-TTCB. A minor pathway leads to the formation of dichlorobenzenes via PCB, 1,2,4,5-TTCB, and 1,2,4-TCB.
DISCUSSION
The reductive dechlorination of HCB extends this reaction to poorly water soluble aromatic hydrocarbons that do not contain polar functional groups like -COOH or -OH. This class of compounds is representative of important environmental pollutants (in addition to the chlorobenzenes) such as PCBs and polybrominated biphenyls which may also be subject to dehalogenation. The sludge used in the study has previously been shown to dechlorinate several chlorophenol congeners including pentachlorophenol (10, 17) ; it is not known whether the same microorganisms are involved in the dechlorination of HCB and TTCB. The dechlorination of HCB reported here occurred at a somewhat higher rate (13.6 ,umol liter-' day-') than was observed previously (10) for pentachlorophenol (-5 ,umol liter-' day-') and was about equal to the rate of dechlorination of 2-chlorophenol (5). Preliminary results obtained with sludge that was sampled at an earlier date gave significantly slower rates of HCB degradation (17) . Thus, the rates may be somewhat variable; however, in both studies 1,3,5-TCB was the major dechlorinated product.
On the basis of the sequence of dechlorination intermediates from HCB and 1,2,3,5-TTCB, it appears that the HCB was dechlorinated via two routes, one leading to the formation of stable 1,3,5-TCB and the other to the formation of DCBs. There are several potential explanations for this result. One is that there may be two populations, each using a different pathway. The second is that the products reflect (18) . It is apparent from these studies that reductive dechlorination is the primary step in the degradative sequence under anaerobic conditions as observed previously for chlorinated benzoates and chlorinated phenols (17) . This provides further evidence that ring simplification before ring metabolism is the general scheme for biodegradation under anaerobic conditions. A two-stage biological process consisting of anaerobic reductive dechlorination of highly chlorinated benzenes followed by aerobic degradation (8, 13, 15, 16) of the dechlorinated products may be useful at a practical level for decontaminating sites containing these chlorinated aromatic compounds.
